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The following report is an executive summary of the project. The details of
the project results can be found in the 16 archived publications listed at the
end of this document.

Objective: The focus of this work was to understand quantitatively, the nature of the
reactivity of nanoparticles and nanocomposites for energetic materials applications. Our
approach took two thrusts.

1. Single Particle Kinetics
2. Ensemble Fuel/Oxide Nanocomposite Kinetics.

Our goal was to:

A. Explore the size resolved reactivity of nanoparticles.

B. Explain the behavior using phenomenological modeling and compare with bulk
materials.

C. Explore condensed state kinetics using a new type of mass-spectrometry tool.
Approach

. Use novel diagnisotic tools to probe reactivity of nanocomposites and tease out
mechanisms: Including advanced ion-mobility and mass spectrometry tools.

. Conduct bulk powder measurements in combustion bombs and wires to extract
combustion time scales and the role of mixtures and stiochometry on burning.

. Use new high heating rate electron microscopy to visualize condensed state
reactions between nanocomposites.

. Conduct Molecular Dynamics simulations to understand properties of

nanoparticles.

Relevance to Army: Energetic materials assembled at the Nanoscale offer the
potential to yield more energy over shorter time frame, and thus more power. However
critical questions remain as to the actual gains in the temporal energy profile.
Furthermore to design materials with enhanced properties a better scientific
understanding is needed. The focus of this project was to provide DOD with the critical
information needed to assess the utility of nanoenergetic materials to real world
application. Additionally we provided DOD with methods for characterizing the reaction
kinetics on well controlled and understood reactive metal, oxidizers and their
composites.



Significant Accomplishments and Topics Explored:

Studies on the Burning of MIC’s

This work investigates the reaction mechanism of Metastable Intermolecular
Composites (MICs) by collecting simultaneous pressure and optical signals during
combustion in a constant-volume pressure cell. Nanoaluminum and three different
oxidizers are studied; CuO, SnO,, and Fe,Os. In addition these mixtures are blended
with varying amount of WO3; as a means to perturb the gas release in the system. The
mixtures with CuO and SnO, exhibit pressure signals which peak on timescales faster
than the optical signal, while the mixtures containing Fe,O3; do not show this behavior.
The burn time is found to be relatively constant for both CuO and SnO,, even when a
large amount of WO3 is added. For Fe,O3, the burn time decreases as WO3 is added
and the temperature increases. The results are consistent with the idea that oxidizers
such as CuO and SnO,, which decompose at relatively low temperatures, show an
initial fast pressure rise followed by combustion over a longer time scale. In this case
the burning is rate limited by the aluminum, and is similar to the burning of aluminum in
a pressurized oxygenated environment. For the Fe,O3; system, the oxidizer
decomposition to release oxygen only occurs significantly at the adiabatic flame
temperature, and is the rate limiting step.

How is Nano-Aluminum Initiation

One of the questions that has been debated is how the aluminum is initiated. The two
primary competing theories have been solid-state diffusion through the oxide shell or
the “Melt-Dispersion” mechanism. The latter involves a violet explosion of the oxide
shell. To address this point the ignition of nanoscale Al/CuO thermites with different
aluminum oxide shell thicknesses was investigated on a fast heated Pt wire. (~10°K/s).
Ramping the wire temperature to ~1250K, and then shutting off the voltage pulse results
in ignition well after the pulse it is turned off- i.e. an ignition delay is observed. The
delay is used as a probe to extract effective diffusion coefficient of the diffusing species,
which is confirmed by fast time- resolved mass spectrometry. The results of this study
are consistent with a diffusion controlled ignition mechanism.

Time resolved characterization of Thermite Chemistry/Physics

Heterogeneous nanocomposite reactions of Al/CuO, Al/Fe;O3 and Al/ZnO systems were
characterized using a recently developed T-Jump/TOF mass spectrometer. Flash-
heating experiments with time-resolved mass spectrometry were performed at heating
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rates in the range of ~10° K/s. We find that molecular oxygen liberated during reaction is
an active ingredient in the reaction. Experiments also conducted for neat Al, CuO,
Fe,O3 and ZnO powders show that the oxygen are produced by decomposition of
oxidizer particles. Mass spectrometric analysis indicates that metal oxide particles
behave as an oxygen storage device in the thermite mixture, and release oxygen very
fast to initiate the reaction. A clear correlation is observed between the capability of
oxygen release from oxidizing particles, and the overall reactivity of the nanocompoiste.
The high reactivity of AI/CuO mixture can be attributed to the strong oxygen release
from CuO, while Fe,O3 liberates much less oxygen and leads to moderate reactivity,
and ZnO’s poor oxygen release capability caused the Al/ZnO mixture to be completely
not reacting, even though the reaction is overall exothermic. It is likely that the role of
the oxygen species is not only as a strong oxidizer, but also an energy propagation
medium that carries heat to neighboring particles.

An experimental investigation on the ignition behavior of [-Aluminum Hydride ([-AlH3)
was also conducted. In this study the ignition characteristics were determined through
the use of two separate modified T-jump experiments. Both ignition and hydrogen
release temperatures were studied for heating rates ranging from 10* K/s to 10° K/s.
Both the hydrogen release and ignition temperature increased as the heating rate
increased. Hydrogen release temperatures ranged from approximately 650 K to 1200
K, while ignition was observed to range from below the melting temperature of
aluminum (933 K) to approximately 1500 K. Activation energies for hydrogen release
were ~ 27 kJ/mol, and are well below those reported by others at much lower heating
rates. This result is consistent with the affects of higher heating rates transitioning the
rate limiting step from one of chemical kinetics to intra-particle hydrogen diffusion. For
conditions in which the particles would ignite it was found that the environment did not
play a significant role in the ignition temperature, beyond a critical oxygen mole fraction
of Xo2 > 0.05. Ensemble average burning times were found to increase by a factor of
about three when the oxygen mole fraction was increased from 0.1 to 0.5.

Plasma Generation and the Role of Built in E-Fields.

One very interesting observation was that intense ion pulse originate from
nanocomposite thermite reactions. We temporally probed them the Temperature
Jump/Time of Flight Mass Spectrometer (T-Jump/TOFMS). These ion pulses are
observed to be much shorter in duration than the overall thermite reaction time. lon
ejection appears in stages as positive ions are ejected prior to nanocomposite thermite
ignition, and ignition of the thermite mixtures leads to a second ionization step which is



primarily dominated by negative species. This observation can be explained by a
diffusion based ion-current mechanism, in which strong Al ion diffusion flux formed
through the oxide shell, and the surface Na and K ions from salt contaminations are
ejected by the strong electrostatic repulsion. The fact that the negative ionization step
occurs during the ignition event, suggests a strong relation between the nanocomposite
thermite reaction and the negative ionization process.

Using the classical molecular dynamics method we simulate the mechanochemical
behavior of small (i.e. core diameter < 10nm) oxide coated aluminum nanoparticles.
Aluminum nanoparticles with core diameters of approximately 5nm and 8nm are
simulated with 1nm and 2nm thick oxide coatings or shells. In addition to thickness the
shells are parameterized by varying degrees of crystallinity, density, and atomic ratios in
order to study their affect on the ignition of nanoparticle oxidation. The oxide shells are
parameterized to consider oxide coatings with the defects that commonly occur during
the formation of an oxide layer and for comparison with a defect free crystalline oxide
shell. Computed results include the diffusion coefficients of aluminum cations for each
shell configuration and over a range of temperatures. The observed results are
discussed and compared with the ignition mechanisms reported in the literature. From
this effort we have found that the oxidation ignition mechanism for nanometer sized
oxide coated aluminum particles is the result of an enhanced transport due to a built-in
electric field induced by the oxide shell. This is in contrast to the currently assumed
pressure driven diffusion process. This induced electric field accounts for approximately
90% of the mass flux of aluminum ions through the oxide shell. The computed electric
fields show good agreement with published theoretical and experimental results.

Aluminum NanoCrystal Growth

We show a low temperature gas-phase synthesis route to produce faceted aluminum
crystals in the aerosol phase. Use of triisobutylaluminum whose decomposition
temperature is below the melting point of elemental aluminum enabled us to grow
nanocrystals from its vapor. TEM shows both polyhedral crystalline and spherical
particle morphologies, but with the addition of an annealing furnace one can significantly
enhance production of just the polyhedral particles. The results on surface passivation
with oxygen suggest that these nanocrystals are less pyrophoric than the corresponding
spherical aluminum nanoparticles, and combustion tests show an increase in energy
release compared to commercial nanoaluminum.

On the Role of Reactive Sintering

One of the open questions in understanding the reactivity of nanometric metal/metal
oxide composites is the relative role of gas-solid vs. condensed state reactions. We
investigated several nano-Al based thermites subjected to very rapid heating rates..



Ignition was seen to occur above the melting temperature of aluminum, and closer to
the melting/decomposition temperature of the metal oxide. Samples were also rapidly
heated in-situ within electron microscopes to provide direct imaging before and after
heating. The sintering of agglomerated particles into larger, spherical particles was
experimentally observed in all cases, and the fuel and oxidizer were found to be in
surface contact suggesting that condensed-phase reactions had at some point
occurred. High resolution image sequences of thermites ignited on the Pt wire were
collected using a real time phase contrast imaging technique at the Advanced Photon
Source at Argonne National Lab. The timescale of the sintering event was
experimentally seen to occur on a faster timescale than the onset of optical emission,
suggesting some degree of condensed phase reaction precedes thermal runaway and
intense optical emission. The results suggest that a reactive sintering mechanism
occurs early in the reaction, causing rapid melting and coalescence of aggregated
particles. This dramatically changes the initial size and morphology of the constituents
before the remainder of the material burns. The results calls into question the idea that
a decrease in particle size will necessarily lead to an enhancement in reactivity, since
large amounts of sintering occurs early in the reaction.

Microstructural Behavior of the Alumina Shell and Aluminum Core Before and
After Melting of Aluminum Nanoparticles

The oxidation mechanisms of nanoaluminum particles, nominally employed as fuel
component, is still an unsettled problem, because of the complex nature of
themomechanical properties of the oxide shell surrounding the elemental core. Though
mechanical breakage of the alumina shell upon or after melting of aluminum core has
been thought to play a key role on the combustion of aluminum nanopatrticles, there has
been little direct evidence. In this study the microstructural behaviors of Al core and
alumina shell lattices were investigated with increasing temperatures. Three in situ
techniques:high-temperature X-ray diffraction analysis, hot-stage transmission electron
microscopy, and high-resolution transmission electron microscopy for heat-treated
samples were employed to probe the thermal behaviors of aluminum and alumina
lattices before and after melting of the aluminum core. High-temperature X-ray
diffraction analysis revealed that nano aluminum lattice was initially expanded under
tension at room temperature, and then when heated passes through a a zero-strain
state at ~300 oC. Upon further heating above bulk melting temperature of aluminum, the
aluminum lattice expanded under almost no constraint. This interesting observation, that
is contrary to almost all of the previous results and models, was ascribed to the
inhomogeneous (localized) crystalline phase transformation of amorphous alumina.
High-resolution transmission electron microscopy and in situ hot-stage transmission
electron microscopy evidenced localized phase transformation accompanied by a
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significant shell thickening, presumably resulting from diffusion processes of Al cations
and O anions, which is to absorb the pressure built in aluminum core, by creating a
more ductile shell.

Nanothermite Reactions: Gas Phase Oxygen Generation from the Oxygen Carrier
is not an Essential Prerequisite to Ignition?

In this study we investigate the role of gas phase oxygen on ignition of nanothermite
reactions. By separately evaluating the temperature at which ten oxidizers release gas
phase species, and the temperature of ignition in an aluminum based thermite, we
found that ignition occurred prior to, after or simultaneous to the release of gas phase
oxygen depending on the oxidizer. For some nanothermites formulations, we indeed
saw a correlation of oxygen release and ignition temperatures. However, when
combined with in-situ high heating stage microscopy indicating reaction in the absence
of 02, we conclude that the presence of free molecular oxygen cannot be a prerequisite
to initiation for many other nanothermites. This implies that for some systems initiation
likely results from direct interfacial contact between fuel and oxidizer, leading to
condensed state mobility of reactive species. Initiation of these nanothermite reactions
is postulated to occur via reactive sintering, where sintering of the particles can
commence at the Tammann temperature which is half the melting temperature of the
oxidizers. These results do not imply that gas phase oxygen is unimportant when full
combustion commences.

Time-resolved mass spectrometry of nano-Al and nano-Al/CuO thermite under
rapid heating: A mechanistic study

Aluminum nanoparticles (Al-NPs) and nano-Al/CuO thermite were investigated in a
rapid heating environment by temperature jump time-of-flight mass spectrometry. Upon
rapid heating (105 K/s-106 K/s), Al-containing vapor species (Al and Al20) are
observed to slowly increase with increasing temperature, followed by a rapid increase in
concentration at ~2030 K. The temporal evolution of Al, Al20 species observed in time-
resolved mass spectra of rapid heated Al-NPs supports the hypothesis that Al
containing species diffuse outwards through the oxide shell under high heating rate
conditions. The rapid rise in Al-containing species above 2030 K, which is below the
bulk melting point of AI203 implies that the penetration of Al into the shell probably
decreases its melting point. The measurements lead to an effective overall diffusion
coefficient ~10-10 cm2/s. Time resolved mass spectra of nano-Al/CuO thermite show
for the first time the existence of Al, Al20, AlO and AI202 intermediate reaction



products, with AI20 the main intermediate oxidation product, in agreement with
thermochemical calculations.

Facile aerosol route to hollow CuO spheres and its superior performance as an
oxidizer in nanoenergetic gas-generators

Thermochemically metal/metal oxide redox reactions have twice the energy density of
TNT. They however suffer from low pressure-volume work due to low gas expansion
from the reaction. In this study we focus on developing a nanocomposite that delivers
high energy density, and the potential of rapid gas release. Hollow CuO spheres with
nanosized building blocks are fabricated using a “droplet-to-particle” aerosol spray
pyrolysis method with the introduction of gas blowing agents in the synthesis procedure.
Nanoaluminum with hollow CuO as an oxidizer ignites in a very violent manner and
exhibits excellent gas generation behavior, demonstrating a high pressurization rate of
0.745 MPa/us and transient peak pressure of 0.896 MPa with a charge density of 1
mg/cms3, as well as a rapid oxygen release. Compared to the wet chemistry methods,
gas-phase processes are relatively low cost, nominally offer a higher purity product, and
usually are configured as continuous production processes, with a limited number of
steps. The synthesis strategy demonstrated is simple and should be extendable to the
preparation of other hollow metal oxide structures.

Decomposition of Aminotetrazole Based Energetic Materials under High Heating
Rate Conditions

A T-Jump/Time-of-Flight Mass Spectrometer (T-Jump/TOFMS) is used to probe the
decomposition of several aminotetrazole containing energetic materials under very high
heating rates of 105-106 K/s. The materials investigated are 5-amino-1-methyl-1H-
tetrazolium dinitramide (MeHAT_DN), 1,5-diamino-4-methyl-1H-tetrazolium dinitramide
(MeDAT-_DN), 1,5-diamino-1H-tetrazolium nitrate (DAT-_N), 1,5-diamino-4-methyl-
1H-tetrazolium azide (MeDAT_N3), and 5-aminotetrazolium dinitramide (HAT_DN).
Subtle differences between materials in functional group placement and anion
composition allow for further understanding of the decomposition pathway of the
tetrazole structure and various anions. Two decomposition pathways for the tetrazole
ring are observed, which result in the primary formation of HN3 or N2. The N2
formation pathway occurs when functional groups are placed symmetrically around the
tetrazole ring, while asymmetric placement results in HN3 production. The differing
anion compositions also show effects on thermal stability of the salts as is demonstrated
by lower decomposition temperature for the azide containing salt compared to the
similar dinitramide containing material. For the decomposition of the dinitramide
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molecule, a high temperature (N20 forming) and low temperature (NO2 forming)
decomposition pathway is observed as has been previously suggested.
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e Collaborating with Jason Jouet of NSWC-IH on development of gas phase routes to
make surface passivated nanoaluminum.
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